In this communication, a study has been carried out to evaluate the life cycle cost analysis and carbon credit earned by hybrid PV/T solar water heater. The study has been based on thermal, electrical and exergy output of water heater. The solar water heater is installed at Solar Energy Park, IIT Delhi. The annual energy and exergy gain have been evaluated by considering four types of weather conditions (A, B, C and D Type) of New Delhi and considering a case that the hot water is withdrawal two times in the afternoon and two times in the evening in a day. This paper gives the total carbon credit earned by hybrid PV/T water heater as per norms of Kyoto Protocol for Delhi climatic conditions. We have found that (i) the cost/kWh is higher in case of exergy when compared with cost/kWh on the basis of thermal energy (ii) if this type of system is installed at 10% of the total residential houses in Delhi then the total carbon credit earned by PV/T water heater annually in terms of thermal energy is Rs. 105.6 cores and in terms of exergy is Rs. 10.2 cores respectively.
INTRODUCTION
The thermal energy has wider applications in the human's life. It can be generally utilized in the form of either low grade (low temperature) or high grade (high temperature). The temperature profiles of the photovoltaic (PV) module in a non-steady state condition with respect to time have studied [1] . The overall electrical efficiency of the PV module can be increased by increasing the packing factor (PF) and reducing the temperature of the PV module by using the thermal energy associated with the PV module [2, 3] . The carrier of thermal energy associated with the PV module may be either air or water. Once thermal energy withdrawal is integrated with the photovoltaic (PV) module, it is referred as hybrid PV/T system. Photovoltaic-thermal (PV/T) technology refers to the integration of a PV module and conventional solar thermal collector in a single piece of equipment. The rationale behind the hybrid concept is that a solar cell converts solar radiation to electrical energy with peak efficiency in the range of 9-12%, depending on specific solar-cell type and thermal energy through water heating. More than 80% of the solar radiation falling on photovoltaic (PV) cells is not converted to electricity, but either reflected or converted to thermal energy. In view of this, hybrid photovoltaic and thermal (PV/T) collectors are introduced to simultaneously generate electricity and thermal power [4] .
The PV/T water heating system, two types of combipanel (hybrid PV/T) have been considered, namely:
a)
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b)
The tube-in-plate configuration [3, 6, [9] [10] [11] [12] .
Chow [10] has concluded that the tube-in-plate absorber collector with single glazing is regarded as one of the most promising design. He has also concluded that the partial covered flat plate collector by PV module gives better thermal and electrical output from the photovoltaic thermal (PV/T) water heating system. He has concluded his findings on the basis of indoor simulation.
Zondag et al. [9] developed a model of a hybrid PV/T water collector and performed experimental studies of such systems for varying sizes. Recently Zondag [13] carried out rigorous review on research work of a PV-thermal collector and system, carried out by various scientists till 2006. The relations between energy and exergy, energy and sustainable development, energy policy making, exergy and the environment and exergy in detail are reported by [14] . The annual thermal and exergy efficiency and life cycle analysis of a hybrid PV/T air collector for different Indian climate conditions are reported by [15] .
Energy consumption of a country is one of the indicators of its socio economic development. Per capita energy consumption in India is also one of the lowest in the world. It is about 30% of that in China, about 22% of that in Brazil and about 3.18% of that in USA. With development the per capita energy consumption is likely to increase. At present our annual economic growth rate is 8-10%, per annum. For energy India depends on oil and gas imports, which account for over 65% of its consumption; it is likely to increase further considering the economic development, rise in living condition of people and rising prices. Coal, which currently accounts for over 60% of India's electricity production, is the major source of emission of greenhouse gases and that of acid rains. In the business-as-usual scenario, India will ex-haust its oil reserves in 22 years, its gas reserves in 30 years and its coal reserves in 80 years [16] . More alarming, the coal reserves might disappear in less than 40 years if India continues to grow at 8% a year [16] .
Carbon Credit Trading (Emission Trading) is an administrative approach used to control pollution by providing economic incentives for achieving reductions in the emissions of pollutants. A credit gives the owner the right to emit one ton of carbon dioxide. International treaties such as the Kyoto Protocol set quotas on the amount of greenhouse gases countries can produce. There are currently two exchanges for brought and sold of carbon credits: the Chicago Climate Exchange and the European Climate Exchange. European and Japanese Companies were the major buyers and China was the major seller of the carbon credits in 2005-06. Present market rate is fluctuating at 20-22 in the European Climate Exchange [17] .
EXPERIMENTAL SET UP AND OBSERVATIONS
In water heating system two flat plate collectors are connected in series. Specifications of flat plate collector are given in Table 1 . The whole absorber and glass cover is encased in an aluminum metallic box with 0.1 m glass wool insulation below the absorber to reduce bottom losses. The photograph of the system is shown in Fig. (1) . A glass to glass photovoltaic (PV) module with an effective area of 0.66 m 2 is integrated at the bottom of one of the collector. In this case, solar radiation is transmitted through non-packing area of PV module and finally absorbed by the blackened absorber. Further, the thermal energy associated with PV module is transferred to absorber by convection for further heating of absorber. Water below absorber gets heated and moves in the upward direction. The outlet of water at the end of absorber which is covered with PV module (T fo1 , Fig. (2) ) becomes inlet to glass-absorber combination. Such collector is referred a photovoltaic/thermal (PV/T) water collector.
The outlet of photovoltaic/thermal (PV/T) water collector (T fo2 ) is further connected to the inlet of conventional flat plate collector for higher operation temperature shown in Fig. (2) . Both collectors are connected to an insulated storage tank of capacity 200 liters. There is a provision of a DC water pump (18V, 60W, 2800RPM) connected to PV module to circulate the water between collectors and storage tank in a forced mode.
Performance of the hybrid PV/T water heater is evaluated by considering four types of weather conditions of New Delhi, are defined as:
Type A: The ratio of daily diffuse to daily global radiation is less than or equal to 0.25 and sunshine hours greater then or equal to 9 hours.
Type B: The ratio of daily diffuse to daily global radiation between 0.25 to 0.50 and sunshine hours between 7 to 9 hours.
Type C: The ratio of daily diffuse to daily global radiation between 0.50 to 0.75 and sunshine hours between 5 to 7 hours.
Type D: The ratio of daily diffuse to daily global radiation is greater than or equal to 0.75 and sunshine hours less then or equal to 5 hours.
The temperatures at inlet, outlet, water in storage tank and solar radiations are measured by data logger systems on minute basis.
THERMAL MODELING
In order to write the energy balance equation the following assumptions have been made:
• The heat capacity of photovoltaic/thermal (PV/T) collector has been neglected in comparison with the heat capacity of water in the storage tank.
• There is no temperature stratification in the water of the storage tank due to forced mode of operation.
• One dimension heat conduction is good approximation for the present study.
• The system is in quasi-steady state.
• The ohmic losses in the solar cell are negligible.
The energy balance equations for each component of (PV/T) solar water heating system are as follows: 
(ii) For Blackened Absorber Plate Temperature Below the PV Module (Glass-Glass)
(iii) For Water Flowing Through an Absorber Pipe Below the PV Module (Glass-Glass)
The energy balance of flowing water through absorber pipe is given by,
The rate of thermal energy available at the end of absorber PV module (glass-glass) is evaluated as,
(iv) The Rate of Thermal Energy Available at the End of First Collector
Following Duffie and Beckman [18] and Tiwari [19] , the rate of thermal energy available from the first flat plate collector can be evaluated as, Here,
v) The Rate of Thermal Energy Available at the End of Second Collector
An expression for the rate of thermal energy available at the end of second collector will be as follows;
Here,
On solving the Eqs. (4), (5) and (6) we get,
where,
vi) Energy Balance for Complete Water Heating System
The rate of thermal energy available at the outlet of second collector is fed into insulated storage tank, and then the energy balance of whole system will be,
The above equation can be solved by assuming T fi = T w due to perfectly insulating connecting pipes. Using Eq. (7) the tank water temperature can be obtained by as,
On solving the above differential equation the expression for tank water temperature can be obtained as,
(vii) Energy Analysis
The energy analysis is based on the first law of thermodynamics, and the expression for total thermal gain can be defined as,
Overall thermal output from a PV/T system = thermal energy collected by the PV/T system + (Electrical output / çpower) where, çpower is the electric power generation efficiency for a conventional power plant. This is so because electrical energy is a high-grade form of energy which is required for operation of DC motor. This electrical energy has been converted to equivalent thermal by using electric power generation efficiency as 0.38 for a conventional power plant [6] .
In the case of withdrawal from tank the thermal energy output from the tank can be written as,
(viii) Exergy Analysis
The exergy analysis is based on the second law of thermodynamics, which includes accounting the total exergy inflow, exergy outflow and exergy destructed from the system.
The general exergy balance for a collector can be written as,
Ex in
Ex out = Ex dest (11) where, A c is area of collector and T s is the Sun temperature in Kelvin.
In addition to the above equations the relations used for defining the design parameters and the values of design parameters are shown in appendix I and Table 2 respectively. 
LIFE CYCLE COST ANALYSIS AND ENERGY METRICS (i) Embodied Energy Consumption
Embodied energy analysis shows the total energy consumed in manufacturing of the product. It includes material production energy, the transportation energy, the solar cell /module fabrication energy, the human energy, installation energy, maintenance energy and the finally disposal/salvage energy. The detailed list of embodied energy is given in Table 3.
(ii) Energy Payback Time (EPBT)
Energy payback time is the ratio of the total energy consumed in production and installation of the system (E in ) to the total energy out (E out ).
( 1 2 )
(iii) Energy Production Factor (EPF)
It is used to predict the overall performance of the system. This is defined as the ratio of the output energy and the input energy which predicts the overall performance of the system. Energy production factor is defined by two types (i) On annual basis, and
If a 1, for T epb = 1 the system is worthwhile otherwise it is not worth from energy point of view.
(ii) On life time basis.
(iv) Life Cycle Conversion Efficiency (LCCE)
This is the net energy productivity of the system with respect to the solar input (radiation) over the life time of the system, (T years) given by
(v) Annualized Uniform Cost (Unacost)
Annualized uniform cost is defined as a product of present value of the system and capital recovery factor (CRF) [19] . (15) 
Unacost = Net present value Capital recovery factor
here, n = no. of years and i = interest rate per year.
Let P is present value and R 1 , R 2 ,…..R n is operational, maintenance and pump replacement cost per year and R 3,1 , R 6,2 ,…..R n,n is black painting, cleaning and glass replacement cost in every three year. Then the net present value is evaluated as,
Net Pr esent Value
= P + R 1 i + 1 ( ) n 1 i i + 1 ( ) n i,n + R 3,1 1 i + 1 ( ) n i,3 + R 6,2 1 i + 1 ( ) n i,6 + R 9,3 1 i + 1 ( ) n i,9 + ................... S 1 i + 1 ( ) n i,n(16)
RESULT AND DISCUSSION
Eq. (9) and (10b) have been computed using MATLAB software for evaluating the thermal energy gain from the tank by considering the A, B, C and D type conditions and Eq. (10a) has been used for calculating the monthly thermal energy gain. The electrical energy is converted into thermal energy and the variation of total thermal energy gain is shown in Fig. (3) . Figure shows that the overall annual gain is 2720.1 kWh, however the maximum gain is obtained in May month and minimum is obtained in December month due to the availability of solar radiation. The variation in gain of different weather conditions (A. B, C and D Type) for a month depends upon the number of days belongs to that type. Similarly Eq. (11) has been computed for evaluating the monthly exergy gain, sum of electrical energy and thermal exergy. The overall annual exergy gain is 263.3 kWh, which is shown in Fig. (4) . The monthly variation of overall energy and exergy gain are shown in Table 4 .
Eq. (12), (13a,b), (14) and (15) have been used for evaluating the Energy payback time (EPBT), Energy production factor (EPF), Life cycle conversion efficiency (LCCE) and Annualized uniform cost of the system in terms of thermal energy and exergy. The capital cost (P) and salvage value (S) of hybrid (PV/T) solar water heater are shown in Table 5 . Fig. (3) . Monthly variation of thermal energy gain in kWh. Fig. (4) . Monthly variation of exergy gain in kWh. 
Carbon Credit Earned by PV/T Solar Water Heater (a) Thermal Energy
Total power produced per annum = 2720.1 kWh
If the unit cost of electricity is Rs. 5.5 then,
The cost of energy produced = 2720.1 5.5 = Rs. 14,960.55 per annum Average annual carbon emission reduction per MWh of electricity produced for the top 100 solar voltaic power plants, the data of electricity produced in MWh and emission reduction per annum for which are available. Which comes to 0.982 tons of carbon dioxide emission reduction per MWh of electricity produced [17] . However 40% is transmission and distribution losses and 20% loss is due to the inefficient electric equipments used. 
CONCLUSION
This paper gives the detailed analysis of overall annual energy and exergy gain from hybrid PV/T solar water heating system. The annualized uniform cost/kWh is higher in case of exergy when compared with cost/kWh on the basis of thermal energy. If this type of system is installed only at 10% of the total residential houses in Delhi then the carbon credit earned by the system in terms of thermal energy is Rs. 105.6 cores and in terms of exergy is Rs. 10.2 cores annually. This system will increase the total carbon emission reduction and overall carbon credit earned as per the norms of Kyoto Protocol if it is integrated in a building. 
APPENDIX I
Following Duffie and Beckman [18] and Tiwari [19] , the flat plate collector efficiency is given by
and m = U L K Now, the flow rate factor (F R ) given by
In modeling equations, we use the following relations for defining the design parameters, which is shown in Table 2 The values of h, h p,f , c, c, c, c, b and g are taken from [12, 18, 19] .
